Retinitis pigmentosa (RP) is a retinal degenerative disease characterized by the progressive loss of photoreceptors. We have previously demonstrated that RP can be caused by recessive mutations in the human FAM161A gene, encoding a protein with unknown function that contains a conserved region shared only with a distant paralog, FAM161B. In this study, we show that FAM161A localizes at the base of the photoreceptor connecting cilium in human, mouse and rat. Furthermore, it is also present at the ciliary basal body in ciliated mammalian cells, both in native conditions and upon the expression of recombinant tagged proteins. Yeast two-hybrid analysis of binary interactions between FAM161A and an array of ciliary and ciliopathy-associated proteins reveals direct interaction with lebercilin, CEP290, OFD1 and SDCCAG8, all involved in hereditary retinal degeneration. These interactions are mediated by the C-terminal moiety of FAM161A, as demonstrated by pull-down experiments in cultured cell lines and in bovine retinal extracts. As other ciliary proteins, FAM161A can also interact with the microtubules and organize itself into microtubule-dependent intracellular networks. Moreover, small interfering RNA-mediated depletion of FAM161A transcripts in cultured cells causes the reduction in assembled primary cilia. Taken together, these data indicate that FAM161A-associated RP can be considered as a novel retinal ciliopathy and that its molecular pathogenesis may be related to other ciliopathies.
INTRODUCTION
Hereditary retinal degenerations (HRDs) consist of a group of diseases that are clinically and genetically heterogeneous. Despite the many differences in progression rates and in severity characterizing each specific form, all patients with HRD lose vision because of the degeneration of rod and cone photoreceptors, and eventually of other retinal cells (1) . Retinitis pigmentosa (RP) is the most common form of HRD, affecting more than one million people worldwide (2) . Patients with RP usually present with night blindness due to malfunctioning rod photoreceptors that turns progressively into the impairment of cone photoreceptors and thus daytime vision as well, from the periphery to the center of the visual field (1) . Later in life, many patients become legally blind. Genetically, RP can be transmitted as an autosomal dominant, autosomal recessive or X-linked trait; in rare cases, digenic inheritance has also been observed (3, 4) . Out of the 182 identified genes involved in HRD, 43 have been also associated with non-syndromic RP (https://sph.uth.tmc.edu/retnet/). Interestingly, RP genes display a broad range of expression: some encode proteins that are restricted to rods only, while others are expressed in other retinal cell types or are even ubiquitously active across all tissues and organs of our body (4 of RP genes are also very diverse. However, many of them display a clear relationship with retinal biochemistry or have structural roles in retinal cells (5) .
In particular, a number of HRD proteins have been found to have important roles in development, maintenance or functioning of the photoreceptor immotile cilium (6) . The photoreceptor connecting cilium (CC) is a particular structure of both photoreceptor types that is located between their inner and outer segments (IS and OS). In addition to its structural role, the CC is also involved in the transport of molecules across these two compartments by intraflagellar transport (6) . New evidences also demonstrate its role in cell signaling and signal transmission (7) . Disruption of gene-encoding proteins that are structurally and functionally connected to primary cilia and their cellular anchoring/nucleation point, the centrosome-derived basal body (BB), causes a broad class of diseases with pleiotropic phenotypes, all classified as ciliopathies (8) . Retinal ciliopathies (RCs) include all ciliopathies that cause HRD, exclusively or in conjunction with other systemic defects. For instance, typical RC genes are: the RP-1 gene (RP1) (9) , RP GTPase regulator (RPGR) (10) , the RPGR-interacting protein 1 gene (RPGRIP1), RPGRIP1-like (RPGRIP1L) (11) , Leber congenital amaurosis 5 (LCA5) (12) , centrosomal protein 290 (CEP290) (13) , Orofacialdigital 1 (OFD1) (14, 15) and serologically defined colon cancer antigen 8 (SDCCAG8) (16, 17) . RP1 is associated with autosomal dominant and recessive RP and RPGR is associated with X-linked RP, whereas RPGRIP1, LCA5 and CEP290 are associated with Leber congenital amaurosis (congenital retinal blindness) among other diseases. Mutations in OFD1 and SDCCAG8 cause Joubert syndrome and RP and nephronophthisis with HRD or Bardet-Biedl syndrome (BBS), respectively.
Recently, we identified FAM161A as the causative gene for RP28-associated RP and one of the major causes of RP in Israel and the Palestinian territories (18, 19) . The RP28 locus was first mapped on chromosome 2p in 1999, through the genetic analysis of a consanguineous family from India segregating recessive RP (20) . In all patients analyzed, mutations in FAM161A lead to null alleles (18, 19) . FAM161A expression is driven by the photoreceptor-specific transcription factor CRX (18) , and its presence is detected mostly in testis and retina. In this latter tissue, standard immunohistochemistry analysis revealed that FAM161A localized at the level of the IS of photoreceptors and less markedly at the level of the outer plexiform layer (OPL) of the retina (18, 19) , with a localization pattern similar to USH2A (21) . The function of FAM161A or other members of the protein family it belongs to (family FAM161) are unknown.
In this work, we demonstrate that FAM161A is an RC protein that is part of the CC complex and interacts with other proteins associated with RCs. Furthermore, we show that its localization at the base of the cilium is not limited to the photoreceptors, but is also conserved in other ciliated cell types and tissues.
RESULTS

FAM161A is present at the base of the cilium of photoreceptors and in renal cells
To investigate the localization of FAM161A within the mammalian retina, we performed indirect immunofluorescence of fresh, unfixed cryosections of adult mouse and rat retinas, as well as paraffin-fixed human retinas with three different primary antibodies. These procedures resulted in specific staining in all species (Fig. 1) . FAM161A localized at the base of the photoreceptor cilia, as well as within their IS, where the Golgi, the endoplasmic reticulum and other organelles are found. As previously shown (18), a weak positive staining was detected in the OPL of the retina. Mechanical dissociation of the murine retina, allowing photoreceptor isolation and the preservation of their OS, CC and part of the IS (22) revealed specific FAM161A localization in the region between the IS and the OS (Fig. 2) . This region corresponded to the CC of photoreceptors.
To define more precisely the distribution of FAM161A within the cilium, we performed immunofluorescence microscopy by using antibodies against FAM161A and typical ciliary markers. Co-staining with antibodies against RP1, staining the ciliary axoneme (9) , revealed that within the same ciliary structure, FAM161A and RP1 were contiguous but not overlapping (Fig. 3A) . RPGRIP1L is a marker of the ciliary BB (11), while pan-centrin localizes within the whole CC (23) . Co-staining of FAM161A and each of these two markers Figure 1 . Localization of FAM161A in adult mouse, rat and human retina slices. Murine and rat sections were stained with anti-pan centrin (red), a ciliary marker, and FAM161A (green). The merged images show partial co-localization between the two signals. Human sections were stained with anti FAM161A antibody only (green). Nuclei are stained in DAPI (blue). Scale bars: 10 mm for mouse and rat, 50 mm for human. OS, outer segment; CC, connecting cilium; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer.
Human Molecular Genetics, 2012, Vol. 21, No. 23 5175 revealed partial co-localization in both cases, according to a pattern indicating its presence between the BB and the CC. Specifically, immunofluorescence with anti-FAM161A and anti-RPGRIP1L antibodies revealed that FAM161A was not present just in the BB, but continued also in the lower part of the CC (Fig. 3B ). Simultaneous staining of FAM161A and pan-centrin confirmed the non-complete presence of FAM161A within the whole CC and was indicative of, again, its presence within the BB (Fig. 3C) . Although FAM161A mRNA expression seems to be predominant in retina and testis, it is not restricted to these tissues (18, 19) . Staining of FAM161A in the rat kidney revealed again its presence at the level of cellular cilia. Similar to the results obtained in the retina, FAM161A was present at the level of the BB, as demonstrated by co-staining with RPGRIP1L (Supplementary Material, Fig. S1A ), whereas it partially overlapped with the signal produced by antipolyglutamylated tubulin antibody GT335, a marker of the CC and the BB (Supplementary Material, Fig. S1B ).
FAM161A localizes at the level of the BB in ciliated cell lines
Many standard laboratory cell lines develop cilia. To identify a cellular model suitable for studying FAM161A and ciliogenesis, we assessed 10 human cell lines for FAM161A mRNA expression and corresponding protein detectability (data not shown). We found in retinal pigment epithelium-derived cells hTERT-RPE-1 and ARPE-19 the best models for this purpose. Co-staining with anti-FAM161A and GT335 antibodies in hTERT-RPE-1 cells showed partial overlap with the BB and the daughter centriole (Fig. 4A) . Similar results were also obtained in ARPE-19 cells (not shown). In addition, co-staining between FAM161A and RPGRIP1L showed perfect co-localization (Fig. 4B) . Taken together, these data indicate that FAM161A is present in the BB/centrosomes of ciliated cells of different origins. When we expressed heterologous fusion FAM161A constructs in these same cell lines, we detected it at the same location, as revealed by using an anti-FLAG antibody ( Fig. 4C and D; data not shown for ARPE -19) .
Recombinant expression of FAM161A in hTERT-RPE-1 and ARPE-19 cultures allowed some cells to significantly overexpress the FAM161A protein. In these cells, FAM161A decorated the entire microtubule network, with a pattern similar to that observed upon the overexpression of ciliary proteins such as lebercilin (12) or CEP170 (24) . We therefore tested FAM161A overexpression in non-ciliated cells such as HeLa or mouse photoreceptor-derived 661W cells. Heterologous FAM161A assembled indeed in a web-like structure that partly overlapped with the cytoplasmic microtubule network, revealed by staining with anti-acetylated tubulin (Fig. 5A) . Supplementation with the microtubule depolymerizing drug nocodazole in the culture medium completely abolished this FAM161A organization, indicating its microtubule dependence (Fig. 5B ).
FAM161A interacts with other ciliary and centrosomal proteins
Given the specific localization of FAM161A, we decided to ascertain its possible interaction with components of the ciliary proteome that are relevant to human diseases. Based on UNIPROT in silico analysis, FAM161A is predicted to have three coiled-coil domains, one at the N-terminus and two located in the well-conserved domain (provisionally called UPF0564 domain) located within the C-terminal part of the protein. We performed a rapid and efficient interaction assay in yeast by using three FAM161A constructs as baits to simultaneously screen a library of 45 unique genes associated with various human ciliopathies or involved in ciliary functions. In addition to a FAM161A full-length form, we designed a construct that included its first 217 codons (FAM161A-N-term bait) and another construct encompassing the remainder of the protein and containing the UPF0564 domain (FAM161A-C-term bait, codons 211-660) (Supplementary Material, Fig. S2A ). Several bait-prey combinations induced yeast growth, pinpointing potential interactions (Supplementary Material, Table S1 ). However, colonies were observed only when the full FAM161A or FAM161A-C-term sequences were used to assess a potential interaction, while FAM161A-N-term produced no detectable growth. Among all tested interactions, the strongest signals were observed between both the FAM161A full length and FAM161A-C-term preys and baits expressing SDCCAG8, OFD1, CEP290 and lebercilin, or parts thereof (Fig. 6) .
To validate the interactions detected by yeast assays, we performed pull-down experiments in bovine retinal extracts, by using recombinant constructs containing the same parts of FAM161A (full form, N-term and C-term) used before but fused with the glutathione S-transferase (GST) protein (Supplementary Material, Fig. S2B ). Following an overnight incubation of these chimeric proteins and retinal lysates, we could efficiently co-purify CEP290 and lebercilin, the only two proteins for which reliable antibodies were accessible to us. Again, positive signals were detected only for the fulllength FAM161A protein and the construct presenting its 
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C-term part (Fig. 7A ). It should be noted that the signal corresponding to lebercilin in co-purified extracts ran at a lower position than its counterpart in total retinal lysates. This was likely caused by specific proteolytic cleavage occurring during the overnight incubation with sepharose beads in the pull-down experiments. In support of this hypothesis, the same difference in size between lebercilin from total lysates and lebercilin after overnight incubation was consistently observed by using two other antibodies against lebercilin, targeting different epitopes (not shown). We then overexpressed recombinant lebercilin, SDCCAG8 and OFD1 fused to a hemagglutinin (HA) tag together with GST-fused FAM161A recombinant proteins (FAM161A-GST, GST-FAM161A-N-term and GST-FAM161A-C-term) in monkey kidney-derived COS-7 cells. In GST-driven pull-down assays, FAM161A-GST and GST-FAM161A-C-term could capture lebercilin, revealed with an anti-HA antibody from the lysate of transfected COS-7 cells, whereas GST alone or GST-FAM161A-N-term could not (Fig. 7A) . Furthermore, FAM161A-GST, GST-FAM161A-N-term and GST-FAM 161A-C-term could pull-down 3xHA-SDCCAG8, although the signal was significantly lower than observed with lebercilin (Fig. 7A ). In the reciprocal experiments, GST-lebercilin could pull down both FLAG-tagged full-length and C-terminal FAM161A, but not its N-terminal fragment (Fig. 7B) . Conversely, GST-SDCCAG8 could capture only full-length 3xFLAG-FAM161A (Fig. 7B) . No signals were observed in pull-down experiments performed with OFD1 constructs, probably because of the very low level of expression of the plasmid carrying the relevant sequence in COS-7 (data not shown).
These same results were confirmed by microscopy. Following co-expression of FLAG-FAM161A and any of HA-lebercilin, HA-SDCCAG8 or HA-OFD1 in hTERT-RPE-1 cells, we observed co-localization at the level of the endogenous cilium BB (Fig. 8) . Once again, no co-localization could be observed by co-expressing lebercilin and the FAM161A-N-term construct (Supplementary Material, Fig. S3 ).
FAM161A is involved in the assembly of the cilium
To investigate whether FAM161A had a direct role in cilium assembly, we knocked down FAM161A transcripts in hTERT-RPE-1 cells by a pool of three different small interfering RNAs (siRNAs) targeting its sequence. Following a .80% silencing of FAM161A expression [revealed by quantitative polymerase chain reaction (qPCR), Supplementary Material, Fig. S4A ], we observed a significant reduction in the number of ciliated cells (Supplementary Material, Fig. S4B and C). Specifically, the percentage of cells displaying a completely formed cilium dropped from 71% in controls (cells treated with siRNA against the non-human gene luciferase) to 57%, as assessed 48 h after siRNA supplementation in Figure 3 . Co-staining of FAM161A in rat retina sections with different ciliary markers. Retinal sections were stained with an anti-FAM161A antibody (green) and antibodies against axonemal or ciliary markers (red). Co-staining with RP1, and axonemal marker, reveals no overlap (A). Conversely, co-localization is observed with RPGRIP1L (a marker for the BB) and centrin (a marker for the whole CC), according to specific patterns (B and C). The insets are magnifications of the merged image (scale bars: 10 mm). The cartoons at the left side of each panel summarize the localization of the signal. Ax, Axoneme; CC, connecting cilium; BB, basal body.
three independent experiments, each considering 300 cells per condition (x 2 ¼ 36.38, P , 0.0001, Fig. 9 ).
DISCUSSION
More than one quarter of all genes that are mutated in HRD encode proteins that are responsible for cilium functions or development (25) , highlighting the importance of this organelle for photoreceptor cell homeostasis and thus for vision in general. In this work, we demonstrate that FAM161A is a ciliary protein, interacts with other proteins involved in ciliopathies and plays a role in cilium assembly.
Previous localization experiments revealed that, within the mouse retina, FAM161A is present in photoreceptors, mostly at the level of their ISs (18, 19) . Co-immunostaining of FAM161A and a battery of IS markers revealed the absence of co-localization (not shown) and prompted us to investigate a smaller structure lying between the IS and the OS, the photoreceptor CC. Immunofluorescence performed with antibodies against centrin, a typical marker of the CC, revealed partial overlap with FAM161A. Additional FAM161A staining was also present in the IS and the OPL, as reported previously (18) . Although we can speculate that the portion of FAM161A that is present within the IS could simply represent the nascent and immature form of this protein, at the moment we have no explanations for its localization within or in the vicinity of the OPL.
The ciliary localization of FAM161A was confirmed by the analysis of dissociated murine rod photoreceptors, providing the unique level of resolution typical of single-cell analyses. Co-staining with markers that are specifically marking Figure 4 . FAM161A in ciliated hTERT-RPE-1 cell lines. Endogenous FAM161A (green) localizes at the base of the cilium (stained with GT335, red), at the level of the BB (A). The BB localization is also shown by co-staining of FAM161A and RPGRIP1L (red) (B). These results are confirmed by co-localization of recombinant FAM161A (revealed by a FLAG antibody, green) with acetylated tubulin (red) (C), and gamma tubulin (red) (D) in the same cell lines. Insets present a magnified area of the merged picture. DAPI (blue) was used to stain the nuclei. Scale bars: 10 mm. In panel A, the patchy green staining of the nucleus represents background signal that is typical of the antibody used.
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subciliary locations indicated that FAM161A exerts its function at the BB and the basal side of the CC of photoreceptors and is not detected at the photoreceptor axoneme. These data are consistent with previous work reporting the presence of FAM161A peptides in low amounts within the ciliary proteome (22) . Based on the relatively widespread mRNA expression of FAM161A (18, 19) and on the structural conservation of the primary cilium across different cell types, we reasoned that FAM161A could be present in other tissues than the retina and in other ciliated cells than photoreceptors. Staining of rat kidney sections revealed indeed the presence of FAM161A. Remarkably, its localization within the cilium of renal cells corresponded perfectly to that observed in photoreceptors and specifically corroborated the presence of FAM161A within BB structures. The same was true when the presence of FAM161A was investigated in cultured ciliated cells. Moreover, the singlecell level of resolution that was possible by the analyses of cultured hTERT-RPE-1 and ARPE-19 allowed detecting the presence of FAM161A within centrosomal structures, as it is the case for many proteins that are component of sensory cilia (26) and in agreement with the concept that the BB is a modified centrosome of the photoreceptor cilium (27) . Furthermore, several proteins involved in HRD have been shown to be directly or indirectly linked to the BB (11, 13, 28) , the components of which are also thought to regulate the transport of molecules from the IS to the OS, across the CC (29) .
In non-ciliated cell lines, overexpressed FAM161A organized in defined structures that partly overlapped with the cellular microtubule network. Such localization has also been observed for other ciliary proteins such as lebercilin (12) , especially upon severe overexpression. This likely pinpoints the capacity of these centrosomal proteins to bind to acetylated microtubules and partly affect their dynamics. The effect is generally even more pronounced in non-ciliated cells that often induce significant overexpression, such as COS cells. We think that this marks the potential of ciliary/ microtubule binding proteins to bundle microtubules by recruiting other microtubule-binding proteins that decorate this cytoskeletal structure (while it is not clear whether they do this natively). In support of this, treatment of cells overexpressing FAM161A with the microtubule depolymerizing drug nocodazole destroyed such FAM161A organization, indicating the need of an intact microtubule network for FAM161A to assemble in such web-like structures. Recent data by Zach et al. (30) , available on-line a few days before the present work was submitted, described findings similar to ours on FAM161A localization. Following its overexpression in cultured cells, the authors hypothesized that FAM161A can have a stabilizing effect on microtubules in virtue of its interactions with them. Based on our collective findings, it is clear that FAM161A has the ability to interact with the cytoskeleton. However, as in our experiments, the presence of FAM161A within the microtubule network was never observed in physiological conditions, indicating that putative non-ciliary functions of FAM161A would require additional investigation.
Targeted yeast two-hybrid analysis revealed that FAM161A directly interacts with lebercilin. Similar to FAM161A, lebercilin localizes within the CC of photoreceptors and at the base of the cilium and centrosomes in ciliated cells (12) . This interaction was confirmed by copurification and immunoprecipitation experiments. Very likely, the FAM161A -lebercilin interaction is achieved via the two C-terminal coiled-coil domains that are present within the UPF0564 domain, or alternatively via other undetected structures lying in the C-terminal part of FAM161A. In turn, lebercilin interacts with proteins that are important for centrosome and cilium functions, such as RPGR (12) and OFD1 (14, 31) . Recently, Boldt et al. (32) demonstrated the direct interaction of lebercilin with the intraflagellar machinery (IFT) and described a possible role of lebercilin in the protein transport across the cilium. However, since inactivation of LCA5 did not interfere with cilium assembly or localization of other IFT proteins, lebercilin is probably not a structural component of the IFT machinery. This fact could explain the absence of systemic phenotypes in patients with LCA5 mutations, in contrast to the syndromic manifestations of IFT mutations, despite the presence of lebercilin in all ciliated tissues (32) .
Interestingly, FAM161A interacts also with OFD1 and SDCCAG8, two proteins that were already observed to be part of the LCA5 complex, localizing as expected at the level of the BB. The interaction with SDCCAG8 was confirmed also in GST pull-down assays, although the level of the pulled-down protein was lower compared with lebercilin. We were unable to confirm the interaction between FAM161A and OFD1 using the same biochemical approach. Mutations in SDCCAG8 were linked to both a retinal-renal ciliopathy (16) and to 1 -2% of patients with BBS (33) . In addition, mutations in OFD1 were identified in patients with Joubert syndrome, nephronophthisis-like ciliopathies with retinal degeneration and RP (14, 15, 34) .
Another important interactor of FAM161A is CEP290. This direct interaction, first observed in yeast binary assays, was also confirmed by pull-down experiments in retinal lysates. Mutations in CEP290 were identified in patients with Joubert syndrome-associated ciliopathies (35, 36) . Additionally, mutations in CEP290 are a major cause of Leber congenital amaurosis (13) . CEP290 localizes at the CC in the murine photoreceptor, where FAM161A also partially localizes. In particular, the localization of CEP290 in the transition zone seems to be important for its function, possibly dealing with the docking and the transport of molecules inside the cilium (37) . Furthermore, the depletion of CEP290 prevents cilium N-term) and FAM161A-C-term (C-term) fused to a GAL4-BD protein were co-transformed in yeast with a set of pAD vectors expressing different ciliary genes. Selective medium depleted for relevant amino acids was used to isolate the hybrids. The strength of the interaction was tested by blue staining of the colony following a-galactosidase (a) and b-galactosidase (b) activity. FAM161A showed the strongest interaction with lebercilin, OFD1, SDCCAG8 and CEP290, as assessed by both colony size and colorimetric assays. Prey constructs showed here included full-length sequences, except for OFD1 and CEP290. These were cloned as fragments and are listed in Supplementary Material, Table S1 as entries 'OFD1 328' and 'CEP290 cc4+5+6', respectively. Western blots of ciliopathy proteins after pull-down with GST-fused FAM161A constructs. The top two panels show pulled-down proteins from bovine retinal total lysates (TL) incubated with sepharose beads containing FAM161A-GST full length (FL), GST-FAM161A-N-term (N), GST-FAM161A-C-term (C), or GST alone (GST). GST pull-down allows FAM161A-GST and GST-FAM161A-C-term to reveal native retinal lebercilin and CEP290, whereas GST-FAM161A-N-term and GST alone do not. 2% of the total retinal lysate was loaded as input control. The third and fourth panels illustrate the same experiments performed in COS-7 cells, transfected with lebercilin (HA-LCA5) and HA-SDCCAG8. GST pull-down of FAM161A-GST and GST-FAM161A-C-term reveals binding to HA-LCA5, whereas the pull down of GST-FAM161A-Nterm and GST alone does not. All FAM161A constructs can pull-down recombinant SDCCAG8. 10% of the cell lysate was loaded as input control. The fifth panel shows the GST-purified protein used for pull-down assays (pur. GST prot.). (B) Western blots of different FAM161A constructs after pull-down with GSTfused lebercilin (LCA5) and SDCCAG8 (S8) constructs in COS-7 cells. Signals corresponding to FLAG-FAM161A and to FLAG-FAM161A-C-term, but not to FLAG-FAM161A-N-term or GST alone, are revealed. Again, the Coomassiestained gel image shows the GST-purified protein used for these assays. 10% of the cell lysate was loaded as input control. MW, molecular weight (kDa).
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formation and assembly (38,39), as we also observed after FAM161A silencing. Because of its interactions with CEP290 and lebercilin, as well as its subciliary localization, an intriguing possibility is that FAM161A could be involved in protein transport and docking between the IS and the OS. A strong evidence of the importance of FAM161A for the cilium comes from the negative effects of its depletion in ciliated cells, for which ciliary assembly itself is compromised. Mutations in FAM161A produce a retina-restricted phenotype and, compared with mutations in its interactors, a milder one. A possible explanation is that the FAM161A role could be hierarchically subordinated to that of its associated proteins and critical only for photoreceptors, where it is expressed in large amounts. Although further interaction experiments are needed to establish a solid mechanistic model, another fascinating possibility is that FAM161A, in virtue of its CRX-mediated expression, may help driving the organization of ciliary proteins having ubiquitous expression in rods and cones. In light of the phenotypic heterogeneity underlying its interactors and the current absence of an animal model, we also cannot rule out that variations in FAM161A are also modifying more complex syndromic ciliopathy phenotypes.
In conclusion, in this work we show that FAM161A is a functional protein of the cilium. It localizes at the base of the cilium in photoreceptors as well as in other ciliated cell types and tissues and prominently associates with a specific subset of proteins associated with RCs. Based on these findings, FAM161A-associated RP should be classified as a novel retinal ciliopathy.
MATERIALS AND METHODS
DNA constructs
Full-length FAM161A cDNA, obtained from human retina, was cloned into a pENTR vector (Invitrogen). Similar cloning was performed also for two deletion sequences, obtained by PCR. These generated plasmids pFAM161A-N-term, comprising codons 1 -219 and containing the first of three coiled-coil domains, and pFAM161A-C-term, spanning codons 211-660 and including the UPF0564 domain. Expression plasmids (GST, FLAG and yeast clones containing the activation domain, AD or the binding domain, BD) were obtained starting from these entry clones using the Gateway cloning technology (Invitrogen). The specificity and quality of the fragments was assessed by restriction analysis and direct sequencing. Although a difference with respect to the reported reference sequence was identified, this corresponded to the annotated polymorphism rs17513722, having a 0.5 allele frequency within the European population.
Expression plasmids for LCA5, SDCCAG8 and OFD1 were described previously (12, 14, 16, 21) .
Antibodies
Custom polyclonal rabbit antibodies against FAM161A (used for the immunostaining depicted in Fig. 3A ) included those described previously (18) as well as a new one (used for the staining of human retina sections), raised against a synthetic peptide corresponding to the C-terminal moiety of the murine protein (EKLQKRPMLFERVT) and used at a 1:100 dilution. Mouse monoclonal anti-centrin clone 20H5 (1:100) was obtained from Millipore. Mouse monoclonal antibody against polyglutamylated tubulin (GT335, 1:1000) was provided by Dr C. Janke (Institut Curie, Orsay, France). Polyclonal antibodies against lebercilin were obtained and used as reported before (12, 32) . Secondary goat antibodies anti-mouse, antirabbit, anti-chicken and anti-guinea pig were conjugated with Alexa Fluor 488 and Alexa Fluor 568 dyes (1:500). Secondary antibody anti-mouse and anti-rabbit conjugated with IRDye 680 and IRDye 800 for detection with the Odyssey system were purchased from LI-COR Biosciences and used at a 1:5000 final dilution.
Immunohistochemistry of retinal tissues and isolation of photoreceptors
Unfixed eyes of P20 Wistar rats and P20 C57BL/6J mice were isolated and frozen in melted isopentane. Cryosections of 10 mm were permeabilized in 0.01% Tween-20 in phosphate buffered saline (PBS) and then blocked in 0.1% ovoalbumin and 0.5% fish skin gelatin in PBS (blocking solution). Primary antibodies were diluted in blocking solution and then incubated overnight with the sections. After three washing steps with PBS, slides were incubated with Alexaconjugated secondary antibodies and mounted with Prolong Gold Antifade (Invitrogen) mounting media to preserve fluorescence. Slides were then observed using direct fluorescence with the microscope Axioskop 4 (Carl Zeiss) and confocal scanning with the microscope Zeiss LSM 710 Quasar Confocal (Carl Zeiss). Images were processed using the Axiovision software (Carl Zeiss) and Adobe Photoshop CS5 (Adobe Systems). For paraffin sections (human), a standard immunohistological analysis protocol for the paraffin section was carried out as described previously (40), by using a secondary antibody the DyLight 488 goat anti-rabbit (Jackson ImmunoResearch) at a 1:200 dilution. Isolated photoreceptors were obtained by disruption of fresh retinas from adult mice, according to the protocol by Liu et al. (22) , modified as follows. The intact retina was resuspended in PBS and then gently vortexed for a few seconds, twice. The suspension was then spread on the surface of a microscope slide and let dry for 1 h, before proceeding to IF analysis.
Cell growth and transfection
Human immortalized retinal pigmented epithelium cells ARPE-19 and hTERT-RPE-1 were grown at 378C in 5% CO 2 and Dulbecco's modified Eagle's medium/nutrient mixture F-12 (DMEM/F-12) (Gibco) media (1:1 ratio), supplemented with 10% fetal calf serum (FCS), 100 IU/ml penicillin and 100 mg/ml streptomycin. Human-derived HeLa, HEK293 and monkey-derived COS-7 cells were cultivated with DMEM containing 10% FCS, 100 IU/ml penicillin, 100 mg/ml streptomycin and 1% Glutamax (Gibco) under the same growth conditions. Cells were transfected using Lipofectamine 2000 (Invitrogen) for 24-48 h according the company specifications. Plasmids containing FAM161A sequences were used in co-localization studies on cells that were fixed 24 h after transfection.
For the microtubule disassembly assay, nocodazole (Sigma-Aldrich) was added directly to the growing medium at a 10 mM final concentration and cells were fixed in 2% paraformaldehyde (PFA) after 2 h. They were then stained according to the published protocols (41) .
Immunocytochemistry hTERT-RPE-1 and ARPE-19 cells were cultured, seeded on coverslips and serum starved for 24 h (0.2% FCS). Cells were then washed twice in PBS and fixed in 2% PFA for 20 min. HeLa cells were seeded on a coverslip and directly fixed in 2% PFA for 20 min. After fixation, they were treated with PBS plus 1% Triton X-100 for 5 min and then blocked in 2% bovine serum albumin in PBS for 1 h. Staining was achieved following overnight incubation with relevant antibodies. After incubation, fixed cells were washed twice in PBS and stained with a fluorescent secondary antibody for 1 h. Coverslips were then washed first with PBS, briefly with MilliQ water, and then mounted with Vectashield and DAPI (Vector Laboratories).
Direct yeast two-hybrid interaction assay
The direct interaction between FAM161A and other ciliary proteins was tested using a GAL4-based yeast two-hybrid 
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Human Molecular Genetics, 2012, Vol. 21, No. 23 system, with yeast strain PJ69-4A. Constructs encoding full length or the deletion fragments of FAM161A described above, fused to a DNA-binding domain (GAL4-BD), were used as baits. Preys were sequences from previously described ciliopathy genes fused to an activation domain (GAL4-AD).
The direct interaction between baits and preys induced the activation of the reporter genes, resulting in the growth of yeast colonies on selective media (deficient of histidine and adenine) and induction of a-galactosidase and b-galactosidase colorimetric reactions (42) .
GST pull down
To produce the GST proteins, BL21(DE3) cells were transformed with FAM161A-GST, GST-FAM161A-N-term, GST-FAM161A-C-term, GST-LCA5 or GST alone constructs and induced with 0.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) at 308C overnight. Cells were then lysed in sodium chloride-Tris-EDTA (STE) buffer [10 mM Tris -HCl (pH 8), 1 mM ethylenediaminetetraacetic acid (EDTA), 150 mM NaCl] supplemented with 10 mg/ml lysozime, 0.5% sarkosyl, 1% Triton X-100 and Complete Protease Inhibitor Cocktail (Roche). Overnight incubation with glutathionesepharose 4B beads (Roche) was performed to isolate the GST-fused proteins. This was followed by three washes with STE buffer and four washes with TBSDT buffer [Tris -HCl 25 mM, pH 7.4, 150 mM NaCl, 1% Triton X-100 and fresh 2 mM dithiothreitol (DTT)]. The amount of produced GST protein was assessed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS -PAGE) and blue Coomassie staining. COS-7 cells seeded in 10 cm plates were transfected using Lipofectamine 2000 with 3×FLAG-FAM161A, 3×FLAG-FAM161A-N-term, 3×FLAG-FAM161A-C-term and 3×HA-LCA5. Subsequently, proteins were extracted using the previously described lysis buffer and incubated with the isolated GST-fused protein sepharose beads from 5 h to overnight and finally washed five times with the protein lysis buffer used for Co-IP. The beads were then resuspended in loading buffer and analyzed by SDS -PAGE. FLAG or HA tags were revealed by using anti-FLAG or anti-HA antibodies.
Retinas were dissected from two fresh bovine eyes and put directly in Lysis Buffer for the Cytosolic Fraction (10 mM HEPES, pH 7.9, 10 mM NaCl, 3 mM MgCl 2 , fresh 1 mM DTT and 1 mM sodium orthovanadate) and in lysis buffer for the membrane fraction (50 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol, 0.5% Triton X-100, 1.5 mM MgCl 2 , 1 mM ethylene glycol tetraacetic acid and 1 mM EDTA) supplemented with protease inhibitors. Retina extracts were then incubated overnight with FAM161A-GST, GST-FAM161A-N-term, and GST-FAM161A-C-term fusion proteins and with GST alone as a control. The beads were then washed five times with a mix of 50% cytosolic and 50% membrane lysis buffers. The beads were then incubated in loading buffer for 5 min at 958C and the supernatant processed by SDS -PAGE. The signal of native LCA5 was revealed using a rabbit polyclonal antibody, previously described by den Hollander et al. (12) , whereas CEP290 was revealed using the rabbit antibody obtain from Bethyl.
Knock down of FAM161A
To silence FAM161A, hTERT-RPE-1 cells at 80% confluency were transfected with a pool of three sequence-specific siRNAs (5 ′ -CCAACCUAGAAAAAGAGUAtt-3 ′ , 5 ′ -CCACAAUUACAGUACCGGAtt-3 ′ , 5 ′ -GCAAAAAGAAGAAC GGAGAtt-3 ′ ) obtained from Ambion (Life Technologies) and with a control siRNA against the firefly luciferase gene (Qiagen). siRNAs were conjugated with a fluorescein fluorophore and transfected using the HiPerfect transfection reagent (Qiagen). Transfection efficiency was evaluated to be 70% by counting the number of fluorescent cells transfected with control siRNA. RNA was extracted after 48 h from transfection and the relative expression of FAM161A was evaluated by qPCR. The number of the ciliated cells was evaluated after 2% PFA fixation of transfected cells and following staining with the anti-acetylated tubulin antibody. Statistical analysis was performed by using the on-line x 2 calculator available at http://vassarstats.net/newcs.html.
